Abstract. Surface electromyography (sEMG) has been widely applied to disease diagnosis, pathologic analysis and rehabilitation evaluation. It is the nonlinear summation of the electrical activity of the motor units in a muscle and can reflect the state of neuromuscular function. Traditional linear and statistical analysis methods have some significant limitations due to the short-term stationary and lower signal-noise ratio of sEMG. In this paper, we introduce chaotic analysis into the field of sEMG process to investigate the hidden nonlinear characteristics of sEMG of patients with facial paralysis. sEMG on the bilateral masseter, levator labii superioris and frontalis of the 21 patients is recorded. Chaotic analysis is employed to extract new features, including correlation dimension, Lyapunov exponent, approximate entropy and so on. We discover the maximum Lyapunov exponents are all greater than 0, indicating that sEMG is a chaotic signal; correlation dimensions of sEMG on healthy sides are all smaller than that of diseased sides; and inversely, the approximate entropies of healthy sides are all greater than that of diseased sides. Consequently, chaotic analysis can provide a new insight into the complexity of the EMG and may be a vital indicator of diagnosis and recovery assessment of facial paralysis.
Introduction
Surface electromyography (sEMG) is a technique to record the electrical activity produced by skeletal muscles and can be readily measured on the skin to provide an assessment to human neuromuscular system [1] . It is safe, noninvasive, real-time and convenient to be implemented. The signals can be used to detect medical abnormalities, activation level, recruitments of motor units and to analyze the biomechanics of human or animal movements [2] [3] [4] 34] .
sEMG is a kind of weak signal ranging between 50 μV and 10 mV with a bandwidth between 50 and 500Hz. It is non-stationary and easy to be influenced by environment noise, which brings difficulties to the signal process. Conventionally, sEMG is regarded as the function of time and analyzed in time [5] [6] [7] [8] , frequency [9, 10] and time-frequency [11] [12] [13] domains respectively to obtain features such as the Integral of Absolute Value(IAV), Median Frequency(MDF) and Wavelet Transform Coefficients(WTF) etc..
On the other hand, researcher employed chaotic theory to analyze EMG. Chaos theory is a field of study in mathematics. It refers to a determined but cannot be predicted system state and features local randomness and global stability [15] .
Chen [14] utilized Fuzzy Entropy and Band Spectrum Entropy to analyze sEMG. Fuzzy Entropy not only owns higher relative consistency and less dependence on data length, but also achieves freer parameter selections and stronger robustness to noise; Band Spectrum Entropy can characterize changes in the sEMG complexity and its frequency shift during muscle fatigue and shows better reliability when estimating muscle fatigue compared with traditional EMG features. Zhang et al. [27] put forward standard multi-scale Entropy and the intrinsic mode entropy (IMEn) to apply to different patterns of spontaneous EMG. Significant differences were observed (p< 0.001) from any two of the spontaneous EMG patterns, while such difference may not be observed from the single-scale entropy analysis. The aforementioned researches have extracted sEMG's chaotic features to validate its chaotic characteristics but have not applied to pathological diagnosis in clinic.
Furthermore, Erfanian et al. [21] found that the state space of the muscle exhibits a strange attractor with a non-integer correlation dimension which increases with muscle fatigue. Bodruzzaman et al. extracted fractal dimension [18] , Hurst's rescaledrange, Housdorff-Besicovich fractal dimension [19] and correlation dimension [20] respectively, to analyze sEMG acquired from the patients with neuromuscular diseases. The results indicated that chaotic features of sEMG are effective indicators for diseases diagnosis. Small et al. [23] carried out investigations into the construction of phase portraits, correlation dimension analysis, and dominant Lyapunov exponents of sEMG during the isometric contraction of trapezius. The results do not support the hypothesis that the EMG is chaotic. Lei et al. [24] proposed symplectic geometry method to estimate embedding dimension of reconstructed attractor to overcome the deficiency of Singular Value Decomposition (SVD) method and results showed that correlation dimension of sEMG is 6. Padmanabhan et al. [25] recorded sEMG signals from 10 muscles in the leg during walking. Maximum voluntary contraction (MVC) were also obtained and pre-processed using wavelet based denoising techniques. The results indicated that EMG signals were chaotic with a dimension between 2 and 3 for walking and 3 and 4 for MVC data. Liu et al. [26] introduced the Recurrence Quantification Analysis (RQA) strategy to the analysis of electrical stimulation evoked surface EMG, and found that the Percent Determination increases along with stimulation intensity.
To sum up, the above mentioned papers are all published before 2005; and the number of papers about the chaotic analysis decreased gradually in the past decade. What hindered this analysis method's development is that the correlation dimension of sEMG hasn't been definitely determined and its advantage hasn't been highlighted compared with traditional linear analysis methods.
In this paper, we introduce chaotic analysis into the field of sEMG process to investigate the hidden nonlinear characteristics of sEMG on the patients of facial paralysis. sEMG on the bilateral masseter, levator labii superioris and frontalis of the 21 patients is recorded. Chaotic analysis is employed to extract new features. The rest of the paper is organized as follows: chaotic theory will be introduced in Section 2; Section 3 describes the experiment procedure; results are presented in Section 4 in detail; and finally Section 5 draws the conclusion.
Chaotic Theory Analysis Method
Simple nonlinear system can produce certain simple deterministic behaviors as well as unstable, seemingly random, non-deterministic behaviors, which is also called chaos. Chaos is a complex motion which is always restricted in limited areas, extremely sensitive to initial values, long-term unpredictable, with track never repeated, fractal dimension and strange attractors. Amount of study demonstrated that Center Nervous System (CNS) generates chaotic firing patterns of action potentials; and a variety of physiological potential nerve signals, including EEG, ECG and EMG, etc., originated from CNS, have shown some degree of chaotic behavior, too [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Some nonlinear analysis methods are applied to the analysis of EMG.
The main analysis methods of chaos theory cover numerical analysis, statistics analysis and analytical analysis. Numerical analysis includes phase plane, power spectrum, Poincare sections, cell-to-cell mapping method; statistic analysis refers Lyapunov exponent, fractal dimension, metric entropy etc.; analytical analysis has renormalization group, KAM theory, Melnikov method , smale horseshoe maps, symbolic dynamics systems [29] . In this paper, we will combine the numerical analysis and statistical analysis to reconstruct the phase space of sEMG and to analyze the correlation dimension, Lyapunov exponent and approximate entropy. Specific methods are described as follows:
The Phase Space Reconstruction Based on Time Delay
A time delay τ is introduced to reconstruct a m -dimensional phase space { } i X for raw sEMG sequence
is the vector represented the ith point in phase space; and m is the embedding dimension. Consequently, the sEMG is reconstructed to form a m -dimensional space:
...
The Determination of Time Delay and Embedding Dimension
The determination of time delay τ and the embedding dimension m is of great importance. In this paper, τ is determined according to the auto-regression function ( )
where x is the mean of sEMG sequence ( )
is the total number of the points in the phase space. The optimal value of τ is the time when 
could consider that the nearest neighbor point is false because the distance in higher dimension decreases when projected into lower dimension. We define m , which is the embedding dimension.
Lyapunov Exponent(LE)
In chaotic system, two phase trajectories, which are close to each other initially, will diverge exponentially with time. Lyapunov exponent is a quantitative indicator to describe the divergence rate of phase trajectories. . After the time of i t Δ , the distance become
. We define . If the maximum Lyapunov exponent is greater than 0, the system is a chaotic system.
Approximate Entropy(ApEn)
Approximate entropy is a measurement to gauge the complexity of signals; specifically, it is the conditional probability that the vector continue to maintain its similarity when its dimension increases from m into 1 m + . The calculation procedure is as follows:
1. To reconstruct a m -dimensional vector with the original sEMG sequences 
Approximate entropy using a smaller amount of data points can arrive at more robust estimation and has good anti-jamming capability, especially for occasional transient strong interference.
We will analyze sEMG with the above chaotic features to verify its chaotic characteristics and implement a comparison between the healthy and diseased sides of the patients of facial paralysis. This will contribute to the in-depth understanding of the activity patterns of the neuromuscular system and to establish a more scientific and reasonable evaluation of muscle function with the non-invasive techniques.
Experiment

Participants
Twenty-one participants, including thirteen males and eight females, were randomly selected from a pool of patients treated in Shenyang Traditional Chinese Medicine Hospital (STCMH), Shenyang, China, with an average weight of 60±9.45 kg, height of 1.65±0.07m, and age between 22 and 64 years old (44.2±4.84 years), participated in the tests. They were clinically examined with regard to inability to control facial muscles and received no other treatments before the tests. All participants signed the Term of Consent and were informed of the purpose and potential risks of the study before their written voluntary consent.
Procedure
In this study, the acupoints were selected by an experienced clinician of STCMH as Yingxiang (LI20), Sibai (ST2), Quanliao (SI18), Dicang (ST4). Each of the twenty participants was asked to puncture for 30 minutes every day. The needles were stainless, with a diameter of 0.2mm and length of 30mm. The depth, angle and manipulation of needle insertion depended on the participants' symptoms and the discretion of the clinician. Before the acupuncture therapy, the sEMG electrodes (see Fig.1 ) were attached on the bilateral masseter (MS), levator labii superioris (LLS) and frontalis (FT) of both healthy and diseased sides (see Fig.2 ), and sEMG was measured while the patient was asked to do the actions of raising eyebrows (RE), cheek-bulging (CB), pouting (PT), grinning (GN) and nose-wrinkling (NW). Each movement lasted approximately for 2 seconds and was repeated 3 times with an interval of 3 seconds in each session.
Then the patient was treated by acupuncture. After the acupuncture, the electrodes were placed again on the same muscles, and sEMG was measured while the patient's doing the same actions as those before the acupuncture. Fig.3 shows the complete sEMG sampling procedure. In all the experiments, we used the sEMG electrodes and pre-amplifier made by FlexComp (Thought Technology Co. Ltd.®, Canada). All data was sampled with a frequency of 2kHz (0.5ms), and then digitally filtered by a bandpass filter of 2∼ 500Hz. A notch filter of 50Hz was also applied on the filtered data before it was further analyzed. All the participants received the acupuncture therapy 7 days per week and the sEMG recording was conducted with a 3 or 4 days interval.
Results
As illustrated in Fig. 4 , it is typical 6-channel sEMG acquired on bilateral masseter (MS), levator labii superioris (LLS) and frontalis (FT). Firstly, we calculate the auto-correlation function of sEMG and find the first point on the function curve below 1 e is between 3 and 4. Consequently, the time delay is determined as 4. H6  D6  H7  D7  H8  D8  H9  D9  H10  D10   1  2  3  4  5  6  7  8  9 Secondly, the phase loci in 2 and 3 dimensional phase space are plotted in Fig.5 . We cannot observe a clear attractor, but we cannot conclude that EMG is non-chaotic, because the attractor may hide in the hidden structure of the low-dimensional space.
Therefore, we calculate the embedding dimension m utilizing G-P algorithm. The result is shown in Fig.6 . Fig. 6 shows that, with the increase of the embedding dimension, correlation dimension increases accordingly without convergence due to the noise compounded in sEMG. That goes against the determination of correlation dimension but we still find an interesting conclusion: The curves of the healthy sides are all below the diseased sides (except for the 1st and 12th patients), i.e. the correlation dimensions of the diseased sides are higher than that of healthy side, which tallies with the conclusions in [21, 22] that correlation dimension of sEMG increases with muscle fatigue, indicating that patients with facial paralysis may result from muscle weakness and paralysis caused by the reduction of the recruited motor units number. The statistical data is listed in Table 1 .
In addition, we use Cao method (introduced in Section 2.2) to calculate the correlation dimension of sEMG. We find when the embedding dimension increases to 6, the correlation dimension of sEMG no longer increases apparently for 21 patients with facial paralysis, indicating the embedding dimension of sEMG locates between 6 and 7, and there is no significant difference between healthy and diseased sides According to Eq. (5) in Section 2.3, we can obtain the Lyapunov exponents of sEMG on 21 patients' bilateral muscles and the results are shown in Fig. 8 . With the increase of embedding dimension, the maximum Lyapunov exponents converge above 0, indicating that sEMG is chaotic signal, and no significant difference between the healthy and diseased sides is observed.
As shown in Fig. 9 , with the embedding dimension increases, the ApEn of sEMG remain stable approximately, indicating the probability of generating new model stays unchanged. Furthermore, except for 1st, 13th and 19th patients, ApEn of the healthy sides of the patients are all greater than that of the diseased sides, which means that sEMG on healthy sides is with a greater complexity than that of diseased sides. The statistical results are shown in Table 2 . Studies have shown that, chaotic features of sEMG vary with muscle fatigue during the isometric contraction [21, 22, 33] . Some researchers suggest these change implied the complexity of EMG is reduced during muscle fatigue and sEMG signal tends to be regular. The facial paralysis caused by the dysfunction of facial muscle seems to be similar to muscle fatigue rooted in the reduction of motor units number. After searching in related database, we failed to find any literature which is research directly and demonstrate substantially on this hypothesis. In this paper, our analysis confirmed the hypothesis. It not only provides an important support to the feasibility study that muscle function can be evaluated based on the complexity of sEMG signals, but also brings a new idea to the pathological analysis methodology. Fig. 9 . The ApEn of the EMG on the healthy and diseased sides for all 21 patients; the Apen of the healthy side is greater than that of the diseased side except for the 1st, 13th and 19th patients 
Conclusion
In this study, we acquire sEMG on the bilateral masseter, levator labii superioris and frontalis of 21 patients with early facial paralysis. Chaotic analysis is employed to extract new features. A time delay is introduced to describe the signal in a multidimensional phase space; correlation dimension and Lyapunov exponent is obtained to verify the chaotic characters of EMG signals; approximate entropy is calculated to quantify the amount of regularity and the unpredictability of EMG; and a comparison is implemented between the above features of healthy and diseased sides. We find that the maximum Lyapunov exponents are all greater than 0, indicating that sEMG is a chaotic signal; correlation dimensions of sEMG on healthy sides are all smaller than that of diseased sides; and inversely, the approximate entropyies of healthy sides are all greater than that of diseased sides. This method can provide a new insight into the complexity of the EMG and may be a vital indicator of diagnosis and recovery assessment of facial paralysis.
